In Neurospora crassa L-tryptophan may be degraded and excreted as anthranilate or it may be metabolized to 3-hydroxyanthranilate and used in a pathway leading to nicotinamide adenine dinucleotide (NAD) biosynthesis. Previously, it was thought that a single, inducible enzyme, kynureninase (L-kynurenine hydrolase, EC 3.7.1.3), was responsible for the formation of both anthranilate metabolites (3) . Hence, the kynureninase of N. crassa has even been presented as one of the few examples of an inducible biosynthetic enzyme (11) . More recently, however, Gaertner et al. (1) have shown that a distinct, constitutive enzyme is responsible for the synthesis of 3-hydroxyanthranilate in N. crassa. Unlike the inducible activity, the constitutive one has a low Km for L-3-hydroxyky- constitutive enzyme predominates in cells cultured in the absence of a tryptophan supplement, it was proposed that the constitutive catalyst is specifically a hydroxykynureninase (1) . Although other such constitutive hydroxykynureninase activities have recently been shown to occur in yeast (6) and in mammalian liver (4) , the generality of these results and the conclusions made concerning the physiological significance of both the inducible and the constitutive enzymes would be significantly strengthened with a few well-chosen additional examples. Specifically, in such an analysis one could determine if it is generally true that (i) organisms catalyzing the biosynthesis of NAD from tryptophan contain a constitutive hydroxykynureninase, (ii) constitutive kynureninase-type enzymes have low Km for L-3-hydroxy-SHETTY AND GAERTNER capacity to hydrolyze L-kynurenine or its analogues, such as L-3-hydroxykynurenine, or Nformylkynurenine to anthranilate or its analogue, such as L-3-hydroxyanthranilate or Nformylanthranilate. In (8) . In the present investigation, the kynureninase-type enzymes of these four organisms are isolated and their kinetic properties with the substrates L-kynurenine and L-3-hydroxykynurenine are determined.
MATERIALS AND METHODS
Organisms. The bacterial and fungal strains used in this study are P. fluorescens (ATCC 11250), R. stolonifer (ATCC 14037), P. roqueforti (ATCC 10110), and A. niger (ATCC 16888).
Growth of organisms. P. fluorescens was grown in minimal medium of Vogel and Bonner (10), modified to contain only one-half the MgSO4. The cells were grown with and without 400 og of L-tryptophan per ml, with 5 g of dextrose per liter as the carbon source. Cells from 5-ml nutrient agar slants were inoculated to 1-liter Erlenmeyer flasks containing 500 ml of appropriate sterile media. The flasks were incubated for 2 days at 25 C in a model G25 incubator-shaker (New Brunswick Scientific Co., Inc.) at 150 rpm. Each flask was used to inoculate one 20-liter Nalgene carboy containing 15 liters of medium. After 24 h of growth under forced aeration at 25 C, the cells were harvested with a Sharples centrifuge. Each carboy yielded about 35 g (wet weight) of cells.
Each of the fungi was grown in Vogel minimal medium (9) 18,000 to 20,000 lb/in2. The viscous homogenate (122 ml) was treated with about 0.1 mg of Worthington deoxyribonuclease and was warmed to room temperature for a few minutes to digest the nucleic acids. After the extract was centrifuged at 10,000 x g for 30 min, the supernatant crude extract was subjected to protamine sulfate precipitation, precipitation at 60% of saturation with ammonium sulfate, Sephadex G-25 gel filtration, and diethylaminoethyl (DEAE)-cellulose chromatography. These were carried out as described previously (1), with only one modification: the DEAE-cellulose chromatography was performed with two successive pH 6.5 potassium phosphate gradients of 0.01 to 0.15 and 0.15 to 0.5 M. Both gradients were 2 liters each, and fractions of about 20 ml were collected every 28.8 min.
The mycelia from the two ascomycetes were lyophilized in a Virtis lyophilizer. The dried mycelia were ground to a fine powder with a Wiley mill, and extracts from 75 g of each powder were prepared (1). Other purification procedures were the same as those described for P. fluorescens. The phycomycete, R. stolonifer, was handled in the same manner as the other fungi except that extracts were prepared from 2.5 g of lyophilized mycelium and DEAE-cellulose chromatography was not performed.
Assays. The kynureninase (L-kynurenine to anthranilate) and the hydroxykynureninase (L-3-hydroxykynurenine to 3-hydroxyanthranilate) activities were determined using an Aminco Bowman spectrophotofluorometer as described in earlier reports (1, 6) . Activities are expressed in international units at 25 C. Protein concentration was estimated at 280 nm in a Gilford model 2400 spectrophotometer.
KYNURENINASE-TYPE ENZYMES
237 RESULTS Initial experiments with the organisms chosen for study in this investigation revealed the following facts: when A. niger, P. roqueforti, and P. fluorescens were grown in the appropriate media supplemented with L-tryptophan, as described in Materials and Methods, a fluorescence characteristic of anthranilate appeared in the medium indicating a concentration of between 10-I and 6 x 10-4 M. Chromatographic analysis of the medium, performed as described by Shetty and Gaertner (6) Gaertner, unpublished data] .) On the other hand, when each organism was grown in medium unsupplemented with L-tryptophan, the medium remained free of this characteristic fluorescence. These results indicated that each of the organisms contains an inducible kynureninase-type enzyme. This expectation was confirmed by assaying crude extracts for such activity. In all three examples the kynurenineto-anthranilate activity was high in cells grown in media supplemented with L-tryptophan and was low or undetectable in cells from unsupplemented media. Similar experiments performed with R. stolonifer revealed for the first time that at least one example of the phycomycetes does not excrete anthranilate in response to L-tryptophan in the medium, but instead excretes 3-hydroxyanthranilate. Moreover, the specific activity of its kynureninase-type enzyme is unchanged in the presence of L-tryptophan.
To determine the nature of the kynureninasetype enzymes contained in the selected organisms, the enzymes in each were purified sufficiently to reveal individual activities. After DEAE-cellulose chromatography, overall recovery determined by summation of the kynureninase activity in the peak fractions was between 20 and 50%, and overall purification from the crude extracts was typically 30-to 50-fold in peak fractions.
DEAE-cellulose chromatography of ammonium sulfate fractions from A. niger, P. roqueforti, and P. fluorescens substantiated the occurrence of a single inducible kynureninasetype activity in each (Fig. 1B, 2B , and 3) and indicated the presence of a second, much lower level, constitutive activity in both A. niger and P. roqueforti ( Fig. 1A and 2A) . P. fluorescens, on the other hand, lacked such a constitutive enzyme since no kynureninase-type activity could be detected in crude extracts, or in partially purified fractions from cells unsupplemented with tryptophan (data not shown). Similarly, the inducible activity of A. niger was undetectable in cells unsupplemented with Ltryptophan, but a small peak of activity was present, located approximately 14 fractions later in the chromatographic separation (Fig.  1A) . Although this second peak of activity was not completely resolved from the high level of inducible enzyme in the case of the supplemented cells (Fig. 1B) , the amount of activity at the position of this second peak (fractions 90 to 100) was the same in the chromatograms of both the supplemented and unsupplemented preparations, indicating that this second peak of activity is not induced by L-tryptophan. Unlike A. niger, the inducible activity did not fall to an undetectable level in the unsupplemented cells of P. roqueforti. However, as in A. niger, a second small peak of activity was observed in the unsupplemented case located approximately 12 fractions later in the column effluent ( Fig. 2A and 2B ). The constitutivity of the enzyme in the second peak is suggested by the fact that only one peak of inducible activity is present in the chromatogram of the extract from the cells supplemented with L-tryptophan (Fig.  2B) . Finally, in the case of R. stolonifer the specific activity of the kynureninase-type enzyme was unaffected by the presence of L-tryptophan in the medium (Table 1) . Hence it was apparent that this organism contained only a constitutive enzyme. The experiments described in the following section also support the above points.
Kinetic analysis of the isolated inducible and constitutive activities verified the fact that they were catalyzed by distinct enzymes. The inducible enzymes from each organism were found to have low Km for L-kynurenine; in contrast, the constitutive activities had low Km for L-3-hydroxykynurenine ( Fig. 4; Table 2 ). Of the enzymes tested, the constitutive activity of R. stolonifer proved to have the highest degree of specificity for L-3-hydroxykynurenine, whereas the inducible enzyme of P. fluorescens showed the highest degree of specificity for L-kynurenine. Because the inducible activity did not fall to an undetectable level in P. roqueforti and because the second peak of activity was unusually low, the nature of the remaining inducible enzyme and the constitutivity of the enzyme in the second peak required further analysis. Determination of the Km and relative Vm.z. with L-kynurenine and L-3-hydroxykynurenine showed that the inducible activity remaining in unsupplemented cells and the activity in the tailing fractions of the induced peak were the same as that found for the fraction with the highest activity from the induced peak. Thus, the only activity showing a low Km for L-3-hydroxykynurenine was that from the second small peak. Since no indication of this activity was found in the tailing fractions of the main peak, it can be concluded that this enzyme is a Enzyme assays were performed kinetically as described previously (6), and the data are from double reciprocal plots of results presented in Fig. 4 . b DEAE-cellulose peak fraction was used as enzyme (cf. Fig. 1-3 , and R. stolonifer each contain a constitutive hydroxykynurenine hydrolase as the enzyme required for catalyzing the fourth step in the biosynthesis of NAD from L-tryptophan. In a second category two organisms were selected, A. niger and P. roqueforti. Although these ascomycetes also presumably synthesize NAD from L-tryptophan, initial studies showed that like N. crassa each contained induced levels of a kynureninase-type enzyme and excreted anthranilate when cultured in media supplemented with L-tryptophan. Therefore, based on the previous results with N. crassa it could be predicted (i) that the inducible activity in each organism would have a relatively low Km for L-kynurenine, (ii) that both organisms would be found to contain also a constitutive kynureninase-type enzyme, and (iii) that this constitutive activity would prove to have a low Km for L-3-hydroxykynurenine. Except that the constitutive activity of P. roqueforti was unusually low, these predictions were substantiated. Moreover, the fact that in Aspergillus the inducible activity fell to an undetectable level in cultures unsupplemented with L-tryptophan supports strongly the contention that this constitutive enzyme is the only kynureninase-type enzyme responsible for the synthesis of NAD in these cells. Whether the low level of constitutive enzyme in P. roqueforti is an artifact of preparation or is physiologically significant remains to be determined. However, the facts that the inducible activity remains at a relatively high level in cells cultured in the absence of L-tryptophan and has a Km as low for L-kynurenine as for L-3-hydroxykynurenine leaves open the possibility that the inducible activity in these cells could be involved in the synthesis of NAD.
In a third category we chose P. fluorescens as an example of an organism which contains an inducible kynureninase-type activity and which lacks the ability to synthesize NAD from L-tryptophan, synthesizing it instead from aspartate and glyceraldehyde 3-phosphate. Since there is apparently no biosynthetic role for the kynureninase-type enzyme contained in this bacterium, it could be predicted (i) that the inducible activity would have a high Km for L-3-hydroxykynurenine and a low one for L-kynurenine, and (ii) that the organism would lack a constitutive activity. Since P. fluorescens is devoid of any detectable kynureninase-type activity when the cells are cultured in the absence of L-tryptophan and since the inducible kynureninase enzyme it contains not only has a high Km for L-3-hydroxykynurenine but a significantly lower Vmax for this metabolite than for L-kynurenine, our predictions were again verified. Therefore, P. fluorescens is established as the first documented example of an organism containing only a specific inducible kynureninase.
From these results the following general expectations for the kynureninase-type enzymes (5) confirmed the existence of the constitutive enzyme in N. crassa. Unfortunately, they failed to do the kinetic studies necessary to establish the specificity of the enzyme as a hydroxykynureninase. Rather, they referred to the activity as Kyn II and questioned the term hydroxykynureninase based only on the observations that they could not see a difference in maximal activity for L-3-hydroxykynurenine or L-kynurenine, and that the enzyme was not bound to mitochondrial membrane. Since the difference in maximal activity for L-3-hydroxykynurenine or Lkynurenine is either small or insignificant in all of the hydroxykynureninases thus far isolated, except that of R. stolonifer, and since L-kynurenine hydroxylase is the only tryptophan-to-NAD enzyme demonstrated in any organism to be bound to the mitochondrial membrane, we consider their arguments to be without basis, and their reference to the constitutive enzyme as Kyn II to be inappropriate. The fact that none of the kynureninase-type enzymes shows a total specificity for either L-kynurenine or L-3-hydroxykynurenine may pose some problems in nomenclature. However, irrespective of the eventual names proposed for these enzymes, the conclusion that functionally discrete L-kynurenine and L-3-hydroxykynurenine hydrolases exist in various organisms seems inescapable.
